Objective.-To quantify the abundance of dural afferent neurons expressing transient receptor potential channel melastatin 8 (TRPM8), vesicular glutamate transporter 3 (VGLUT3), and neurofilament 200 (NF200) in adult mice.
BACKGROUND AND OBJECTIVE
Recent years have seen a rapid increase in the use of mouse as a model system to study the pathophysiology of headache. It is well established that the activation and sensitization of the primary afferent neurons (PANs) innervating the dura and cerebral blood vessels play a crucial role in the onset and maintenance of a headache episode. [1] [2] [3] Quantitative assessment of the dural afferent neuron subpopulations in mice provides an anatomical basis for functional studies to gain insights into headache mechanisms using mouse models. In a previous study, we have measured the abundance of dural afferent neurons that express neuropeptide calcitonin gene-related peptide (CGRP), transient receptor potential (TRP) channel subfamily V member 1 (TRPV1) and subfamily A member 1 (TRPA1), respectively. 4 However, using fluorescent retrograde tracer DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate), we were not able to label the cell body of dural afferent neurons expressing TRP channel melastatin 8 (TRPM8) in mouse trigeminal ganglion (TG), despite the fact that TRPM8-expressing fibers are known to be present on mouse dura 5, 6 and dural TRPM8 channels have been shown to regulate headache-related behaviors in rodent models. [6] [7] [8] This presents a technical hurdle for further investigation of the neurochemical and physiological properties of TRPM8-expressing dural afferent neurons. We speculated that sparse meningeal innervation and lack of extensive axonal branches might limit the likelihood and/or the amount of tracer taken up by individual TRPM8-expressing dural afferent neurons. 6 The first objective of this study is to test whether another retrograde tracer Fluoro-Gold (FG) is more efficient than DiI in labeling dural afferent neurons in mice. And if so, whether we can use FG to quantify the abundance of TRPM8-expressing dural afferent neurons in heterozygous mice that express farnesylated enhanced green fluorescent protein (EGFPf) at one TRPM8 locus (TRPM8
EGFPf/1
). Second, many dural afferent neurons are mechanosensitive. 9 Sensitization of these neurons contributes to the intracranial mechanical hypersensitivity during headache. 3 Thus, our second objective is to quantify the abundance of mechanoreceptors with myelinated and unmyelinated fibers in dural afferent neurons, using the expression of neurofilament 200 (NF200) and the expression of vesicular glutamate transporter 3 (VGLUT3) as respective markers. Last, in light of a recent report that TRPM8 channel is expressed in a subpopulation of small diameter dorsal root ganglion (DRG) neurons that express VGLUT3 in adult mice and/or during development, 10 we investigated whether TRPM8 agonist menthol activates PANs that persistently express VGLUT3 in adult mice, using transgenic mice that express EGFP under the control of Vglut3 regulatory sequences (VGLUT3   EGFP   ) .
METHODS
Mice.-All procedures were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the guidelines of the Animal Study Committee at Washington University in St. Louis. Mice were housed on a 12-hour light-dark cycle with food and water available ad libitum at the animal facility of Washington University in St. Louis. Eight to 12 week old adult mice (14 males and 16 females) were used in this study. Data from male and female mice were combined for statistical analysis as there was no sex difference in the mean value of any of the parameters we measured. TRPM8 EGFPf/1 mice expressing EGFPf at one TRPM8 locus 11 were maintained on CD-1 background. The VGLUT3 EGFP transgenic mice that express EGFP under the control of Vglut3 regulatory sequences 12 were maintained on C57BL6 background. The genotype was determined by PCR of tail DNA as described previously.
11,12
Wild-type mice on C57BL6 background were used to study NF200 expression and the labeling efficiency of FG and DiI in dural afferent neurons.
Retrograde Labeling of TG Neurons Innervating Mouse Dura.-On the surgery day, mice were anesthetized with 3%-4% isoflurane in an induction chamber until losing the righting reflex and were mounted on a Stoelting stereotaxic apparatus. Anesthesia was maintained by 1.5%-2% isoflurane through a nose cone. Body temperature was maintained by placing mice on a 378C circulating water warming pad. A small amount of eye drops was placed in the eyes to prevent the corneas from drying. Lidocaine hydrochloride jelly (2%) was applied on the skin for 5 minutes before a longitudinal skin incision was made to expose the cranium. Lidocaine was then applied on the exposed tissue for 5 minutes before the muscle and periosteal sheath were removed in the area overlying the superior sagittal sinus (SSS) between bregma and lambda. A craniectomy (2.5 mm diameter) was made with a surgical blade within this area, leaving the underlying dura exposed but intact. Lidocaine was repetitively applied on the skull during the craniectomy to prevent the activation and/or sensitization of the PANs. To prevent the spreading of the tracer to other peripheral sites, a sterile polypropylene ring was sealed to the skull surrounding the exposed dura by a mixture of dental cement powder (Stoelting 51459) and superglue adhesive. The viscosity of dental cement/superglue mix kept it from spreading to the exposed dura. After waiting 5-10 minutes for the mix to solidify, we applied 20 lL of FG (2% in 0.9% saline, Fluorochrome) onto the exposed dura. In some mice, we co-applied DiI (2%, Invitrogen) and FG (2%) to the dura in 20 lL saline solution with 10% DMSO. Subsequently, a sterile polypropylene cap was secured over the ring with the dental cement/superglue mix to cover the exposed dura. The skin incision was closed with Vetbond tissue adhesive. After recovery from anesthesia, mice were housed individually in the animal facility for 14 days to allow for the transport of the tracers to the dural afferent somata in TG.
Tissue Preparation and Immunohistochemistry.-Two weeks after application of the tracers to the dura, mice were euthanized by barbiturate overdose (200 mg/kg, i.p.) and were transcardially perfused with warm 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by cold 4% formaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for fixation. TG tissues were removed, post-fixed for 2 hours, and then protected overnight in 30% sucrose in 0.1 M PB. The ganglia were embedded in optimal cutting temperature compound (OCT) and sectioned at 20 lm using a cryostat. Sections were mounted on Superfrost Plus glass slides and stored at 2208C. One in every three sections (cut approximately every 60 lm) was processed for each immunohistochemistry (IHC) experiment.
For IHC, TG sections were dried at room temperature (RT), washed three times in 0.01 M PBS, and incubated in blocking buffer (10% normal goat serum [NGS], 0.3% Triton X-100, 0.01 M Tris and 0.01 M PBS, pH 7.4) for 1 hour at RT. This was followed by overnight incubation of the sections in the primary antibody diluted in blocking buffer at 48C in a humidity chamber. On the next day, sections were washed six times (5 minutes per wash) in wash buffer (1% NGS, 0.3% Triton X-100, 0.01 M Tris, and 0.01 M PBS, pH 7.4) and incubated in blocking buffer for 1 hour at RT. After 1 hour incubation of the sections with the secondary antibody in blocking buffer at RT, we washed the sections six times (5 minutes per wash) in wash buffer and rinsed them three times in 0.01 M PBS. Finally, sections were cover-slipped using Fluoromount-G Mounting Medium (Electron Microscopy Sciences), sealed with nail topcoat, and stored at 48C for image acquisition.
The primary antibodies used were rabbit anti-EGFP (Invitrogen) at 1:1000 dilution and mouse anti-NF200 (Sigma) at 1:1000 dilution. The Alexa Fluor 568-conjugated goat anti-rabbit secondary antibody and Alexa Fluor 594-conjugated goat antimouse secondary antibody (both from Invitrogen) were used at 1:1000 dilution.
Image Acquisition and Analysis.-Images of the TG sections were captured through a 320 objective on a Nikon TE2000S inverted epifluorescence microscope equipped with a CoolSnapHQ 2 camera (Photometrics). Cross-sectional somatic area was measured using SimplePCI software (Hamamatsu influx, Tyrode solution containing 100 lM menthol was prepared from a 100 mM menthol (Sigma) stock solution (in 100% ethanol) before each experiment. After a 3-minute baseline measurement in Tyrode, neurons were perfused with 100 lM menthol at 5 mL/min for 1 min followed by washing with Tyrode for 5 min. Peak responses were determined by calculating the absolute increase in R 340/380 above baseline (the average R 340/380 during the 3 minutes baseline measurement). A >10% change from baseline was set as the threshold for a response.
Statistics.-Data were reported as mean 6 standard error of the mean. Origin 8.1 (Origin Lab) and Statistica (StatSoft) were used to perform statistical tests. Differences with P < .05 were considered statistically significant. The Shapiro-Wilk test was used to check data normality. Fisher's exact test, one-sample t-test or two-tailed Student's t-test were used where appropriate. The non-parametric Mann-Whitney U test or the Kruskal-Wallis analysis of variance (ANOVA) with Dunn's post hoc test was used where appropriate to analyze the differences in the soma size distribution.
RESULTS
FG Labels More Dura Afferent Neurons Than DiI.-To compare the relative efficiency of the fluorescent retrograde tracers FG and DiI in labeling dural afferent neurons, we co-applied 2% FG and 2% DiI to the dura above a section of the SSS between bregma and lambda in adult mice for 14 days. Consistent with our previous study, 4 , respectively) dural afferent neurons was similar, with the majority of the labeled neurons localized in the ophthalmic (V 1 ) division of TG (data not shown). Many dural afferent neurons were double labeled with FG and DiI (Fig. 1) were counted from each mouse), indicating that FG labels dural afferent neurons more effectively than DiI under our experimental conditions. Previous studies show that TG neurons innervate the skull and pericranial tissues. 13, 14 To minimize labeling of the pericranial afferent neurons, we removed the muscle and periosteal sheath on the skull before tracer application and confirmed that the tracers did not leak outside the polypropylene ring before tissue collection. That said, a small area of the skull within the ring (4 mm 2 ) was inevitably exposed to the tracers along with the dura. In a control experiment with two mice (1 male, 1 female), we removed the muscle and periosteal sheath on the skull, attached the polypropylene ring and applied FG on the skull for two weeks. We examined 1 in every 3 TG serial sections from each mouse and did not find any FG labeled neurons, validating that our paradigm selectively labels dural afferent neurons but not pericranial afferents in mice. FG Labels Dural Afferent Neurons That Express TRPM8 Channels in Mice.-We investigated whether FG can label dural afferent neurons expressing TRPM8 channels. In heterozygous TRPM8
EGFPf/1 mice, the EGFP signal corresponds well with the endogenous TRPM8 expression in DRG neurons. 11 In a control experiment, we tested the feasibility of segregating the FG and EGFP signals in two channels. We excited FG at 340 6 10 nm and collected signals using a 515 nm long-pass filter. EGFP was excited at 470 6 20 nm and the emission between 500 and 550 nm was collected. Signals from FG 1 dural afferent neurons in wild-type mice was not detectable in the EGFP channel; and the 
VGLUT3
. 12 Specifically, all EGFP 1 skin afferents from the transgenic mice are physiologically identified as unmyelinated, low threshold mechanoreceptors (C-LTMRs). 12 In a pilot study, we stained TG sections from VGLUT3 EGFP mice with the anti-EGFP antibody. The EGFP-ir overlapped very well with the EGFP signal (Fig. 4) . All EGFP 1 neurons exhibited EGFP-ir (n 5 161 neurons from 1 male and 2 female mice), and 96.2% 6 3.8% neurons with EGFP-ir contained EGFP fluorescence (n 5 174 neurons from 1 male and 2 female mice). Thus, use of EGFP antibody allows for easier detection of VGLUT3-expressing neurons but does not increase the abundance of this population in TG.
We applied FG to the dura of VGLUT3 EGFP mice and quantified the number of TG neurons containing FG and/or EGFP-ir signals two weeks later. The EGFP signal from TG neurons in na€ ıve VGLUT3 EGFP mice was not detectable in the FG channel (Fig. 4) , indicating that EGFP signal does not interfere with the FG fluorescence. We found that 5.7% 6 1.8% of FG 1 dural afferent neurons were positive for EGFP-ir, which is similar to the percentage of total TG neurons containing EGFP-ir (6.7% 6 0.8%, Fig. 5B ). The mean cross-sectional area of EGFP , n 5 511 neurons pooled from 2 male and 2 female mice, Fig. 5C , P < .001, Kruskal-Wallis ANOVA with Dunn's post hoc test). We conclude that the percentage of VGLUT3-expressing neurons in dural afferents is comparable to that in the total TG population. Furthermore, VGLUT3 is exclusively expressed in small-diameter dural afferent neurons (<500 lm 2 cross-sectional area).
A recent study reported substantial overlap between the expression of TRPM8 and VGLUT3 in unmyelinated, small-diameter DRG neurons, 10 raising the possibility that TRPM8 and VGLUT3 may be co-expressed in a subpopulation of dural afferent neurons. The VGLUT3-positive cells in that study included neurons that persistently express VGLUT3 in adult mice as well as neurons that transiently express VGLUT3 during development. 10 To test whether TRPM8 is co-expressed in [Color figure can be viewed at wileyonlinelibrary.com] channels and EGFP signal does not interfere with fura-2 Ca 21 imaging under our experimental conditions. These data suggest that TRPM8 and VGLUT3 are expressed in distinct subpopulations of PANs in adult mice. It is unlikely that TRPM8 and VGLUT3 are co-expressed in dural afferent neurons. The Abundance of TG and Dural Afferent Neurons Expressing NF200.-In addition to VGLUT3-expressing C-LTMRs, TG contains low-and highthreshold mechanoreceptors with myelinated Ab or Ad fibers. NF200 is widely used as a marker to identify these neurons, 22, 23 although a small fraction of NF200-expressing (NF200 1 ) PANs has been reported to contain unmyelinated axons or exhibit c-fiber conduction velocity. 24, 25 We labeled dural afferent neurons with FG and stained the sections with an antibody against NF200 (Fig. 7A) . We found that 30.5% 6 2.9% of dural afferent neurons contained NF200-ir, which is similar to the percentage of NF200 1 neurons in total TG neuron population (38.5% 6 2.6%, Fig. 7B , P 5 .11, twotailed t-test). The mean cross-sectional area of NF200 1 FG 1 dural afferent neurons (468 6 24 lm 2 , n 5 84 neurons pooled from 1 male and 2 female mice) was similar to that of the NF200 1 TG neurons (469 6 10 lm 2 , n 5 890 neurons pooled from 1 male and 2 female mice, P 5 .84, Mann-Whitney U test, Fig. 7C ). The majority of NF200 1 neurons (57%) were medium-sized neurons (> 400 lm 2 in cross-sectional area), consistent with previous studies in rats.
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DISCUSSION
In this study, we successfully labeled and quantified dural afferent neurons expressing TRPM8 channels. First, we compared the relative efficiency of FG and DiI in labeling dural afferent neurons by co-applying the same concentrations (2%) of FG and DiI onto the mouse dura for the same period of time (14 days). FG labeled more dural afferent neurons than DiI in individual mice. We speculate that the more hydrophilic FG may spread to a larger area of dura than the more lipophilic DiI, thereby accessing more dural afferent fibers. It is also possible that, compared with DiI, FG may be taken up more efficiently by dural afferent terminals and/or may require less time to be transported to the somata in TG. Second, we established the imaging protocol to segregate the FG and EGFP signals in TG neurons in two channels. Using FG to label dural afferent neurons in TRPM8 EGFPf/1 mice, we found that only 3%-4% of dural afferent neurons express TRPM8 channels in adult mice, much lower than the percentage of total TG neurons expressing TRPM8 (10%). This is surprising, given that activation of dural TRPM8 channels significantly modifies headache-related behaviors in rodent models. [6] [7] [8] It is possible that we may underestimate the abundance of dural afferent neurons expressing TRPM8, as we removed the muscle and periosteal sheath on the skull before tracer application. This minimizes labeling of the pericranial afferent neurons in TG, but may damage the axon collaterals of dural afferent neurons that innervate pericranial tissues through the calvarial sutures 13, 14 and cause neuronal death. Further work is needed to test whether TG neurons expressing TRPM8 project to both dura and pericranial tissues and to explore whether other methods can reveal a higher abundance of TRPM8-expressing dural afferent neurons in adult mice.
The heterogeneity of TRPM8-expressing PANs is well-documented. Some of these neurons preferentially respond to noxious cold temperatures and co-express TRPV1, TRPA1, tetrodotoxin-resistant Na 1 channels, ATP receptors as well as the receptor for artemin. [26] [27] [28] [29] This subpopulation likely encodes cold pain and injury-induced cold allodynia. Other TRPM8-expressing PANs are activated at lower menthol concentrations or at non-noxious cooling temperature range. They likely encode cooling sensation and mediate cooling-induced analgesia. In rats, activation of dural TRPM8 channels by icilin evokes cutaneous allodynia that is blocked by sumatriptan or nitric-oxide synthase inhibitor. 7 Conversely, co-application of TRPM8 agonist menthol inhibits head-directed nocifensive behavior elicited by dural application of inflammatory mediators. 6 It is possible that both nociceptive and non-nociceptive neurons are present within the TRPM8-expressing dural afferent population. Future experiments are necessary to retrogradely label TRPM8-expressing dural afferent neurons and to investigate the neurochemical and physiological properties of individual subpopulations. Of note, we used TRPM8 EGFPf/1 mice maintained on CD-1 background in the present and previous studies, 4,6 not mice on C57BL6
background.
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The abundance of TRPM8-expression TG neurons, the mean soma size, and the menthol-responsiveness are comparable between the two strains. That said, whether differences in genetic background can influence the abundance and/or the function of TRPM8-expressing dural afferent neurons merit further study.
A recent study reports that TRPM8 channel is mainly expressed in a subpopulation of small diameter DRG neurons that persistently express VGLUT3 in adult mice and/or transiently express VGLUT3 during development. 10 In adult mice, VGLUT3 is expressed in a discrete subpopulations of small diameter, unmyelinated PANs that does not express neuropeptide CGRP or bind to plant isolectin B4 (IB4 12, 30, 31 ). Physiological studies reveal that VGLUT3-expressing DRG neurons respond to low intensity mechanical stimulation as well as to temperature decrease below 258C. 12, 30, 31 It is not clear whether these neurons contribute to mechanical or cold nociception. 10, 12, 31, 32 In addition to cutaneous tissues, VGLUT3-expressing PANs also project to deep tissues such as colon and bladder, 33, 34 and their contribution to visceral pain also remains to be elucidated. We found that VGLUT3 is exclusively expressed in small-diameter dural afferent neurons. The percentage of VGLUT3-expressing neurons in dural afferents is comparable to that in the total TG population. In addition, the abundance of dural afferent neurons expressing NF200, a marker for Ab and Ad PANs with myelinated fibers, were comparable to the percentage of total TG neurons containing NF200. In rats, 80% of dural afferent C-fibers are mechanosensitive, 9 some respond to low intensity stimulation.
How VGLUT3-expressing dural afferents respond to mechanical stimuli, whether they belong to C-LTMRs like their cutaneous counterparts and whether they can be sensitized by inflammatory mediators merit further study.
In the present study, we measured Ca 21 influx evoked by TRPM8 agonist menthol in adult TG and DRG neurons from VGLUT3 EGFP mice. This allowed us to examine TRPM8 expression in PANs that persistently express VGLUT3 in adult mice but not in those that transiently express VGLUT3 during development. 10, 12, 31 Only 5%-7% EGFP
1
PANs responded to menthol, indicating that TRPM8 and VGLUT3 are expressed in distinct subpopulations of TG and DRG neurons in adult mice. The discrepancy between our results and the previous study results from the different mouse strains used to identify VGLUT3-expressing neurons. In the previous study, eYFP labels neurons that persistently express VGLUT3 in adult mice as well as neurons that transiently express VGLUT3 during development. 10 In this study, neurons that transiently express VGLUT3 during development are not labeled by EGFP in adult mice. It is possible that TRPM8 is expressed in PANs that transiently express VGLUT3 during development but not in PANs that persistently express VGLUT3 in adult mice. That said, all EGFP 1 skin afferents from thoracic DRG in VGLUT3 EGFP mice are physiologically identified as C-LTMRs and respond to cold stimuli. 12 Whether there is higher overlap between TRPM8 and VGLUT3 expression in thoracic DRG and/or whether VGLUT3-expressing adult PANs express another cold sensor require further investigation. Taken together, we postulate that dural afferent neurons expressing TRPM8 and VGLUT3 belong to two distinct subpopulations of TG neurons. More functional studies are necessary to elucidate the contribution of TRPM8-and VGLUT3-expressing dural afferent neurons to the pathophysiology of headache.
CONCLUSION TG neurons expressing TRPM8, VGLUT3, and NF200 all innervate adult mouse dura. The abundance of TRPM8-expressing neurons in dural afferent neurons is significantly lower than that in total TG neurons. The percentages of dural afferent neurons expressing VGLUT3 and NF200 are comparable to those of total TG neurons, respectively. TRPM8 and VGLUT3 are expressed in distinct subpopulations of PANs in adult mice. This provides a foundation to further investigate the role of various dural afferent subpopulations in headache pathophysiology.
